1. Introduction {#sec1}
===============

Atherosclerosis is a leading cause of disability and mortality in developed countries.^[@ref1]^ Internal carotid artery atherosclerosis is associated with poor survival and high risk of stroke. It is estimated that 10--15% of the overall stroke cases are attributable to carotid artery stenosis secondary to atherosclerosis. Carotid stenosis is commonly treated with medical therapy (e.g., lipid-lowering, antihypertensive, and anticalcific drugs), carotid endarterectomy (CEA), and stenting,^[@ref2]^ with the number of CEAs to restore carotid patency increasing annually.^[@ref1]^ Despite recent advances in treatment and emergence of minimally invasive techniques, CEA remains the method of choice for treating patients with carotid stenosis. Conventional CEA is performed by a longitudinal arteriotomy extending from the common carotid into the internal carotid artery to remove the atherosclerotic plaque.^[@ref3]^ Arteriotomy is then closed either primarily or with a patch. The choice between using a primary closure or patch still remains controversial. Recent randomized trials showed that patches reduce the risk of perioperative stroke by 1.5%, while primary closure is associated with a 4.5% increased stroke rate.^[@ref4]^ In addition, the postoperative thrombosis was six times less frequent in patients with carotid patching as compared to those with routine primary closure (0.5% vs 3.1%, respectively).^[@ref4]^

However, vascular patches may lead to postoperative complications because of a difference in the compliance of the patch and intact native artery, resulting in abnormal blood flow in the anastomotic area leading to neointimal hyperplasia.^[@ref5]^ Vascular patches made of biological and synthetic materials were compared in several studies. Fokin and Kuvatov reported similar rates of early postoperative complications in patients with CEA patches manufactured from either autologous veins or polytetrafluoroethylene (PTFE).^[@ref6]^ However, the stroke-related death frequency was significantly higher in the PTFE group than in the autograft group in the long-term.^[@ref6]^ Along similar lines, Rerkasem and Rothwell reported no differences in major cardiovascular event frequency between patients implanted with vein autograft or PTFE patches, yet pseudoaneurysms were more commonly detected in the autograft group.^[@ref7]^ Finally, Bisdas et al. examined neurological complications in CEA patients with vein autograft patch or xenopericardial patch and did not find any significant differences in the rate of transient ischemic attack and stroke 30 days following surgery.^[@ref8]^ Thus, vascular patches currently used in the clinical practice do not fully meet with all needs of vascular surgery, necessitating the development of novel materials and approaches to improve the performance of CEA patches.

Recent advances in regenerative medicine have opened new horizons for tissue engineering approaches in the development of biodegradable materials stimulating the regenerative potential of the body to restore the damaged vasculature.^[@ref9]^ Synthetic biodegradable polymers such as polylactic acid, polyglycolic acid, and polycaprolactone (PCL) are widely used for this purpose.^[@ref10],[@ref11]^ Notably, synthetic polymers may be combined with the natural ones to improve the biocompatibility of the graft. Mettler et al. demonstrated an excellent performance of a patch made from polyglycolic acid coated with poly-4-hydroxybutyrate in vitro repopulated by sheep endothelial progenitor cells and mesenchymal stem cells following implantation into the main pulmonary artery of the sheep.^[@ref12]^ While the in vitro repopulation of vascular grafts improves their in situ remodeling rate, this approach is laborious and cost-ineffective. Thus, it appears relevant to develop a self-assembling biodegradable patch capable of independently attracting host cells in situ.

Modification of a vascular graft by bioactive molecules can promote its repopulation by host cells.^[@ref13]−[@ref15]^ Arg-Gly-Asp (RGD) is a ubiquitous cell adhesion motif present in many extracellular matrix (ECM) proteins such as fibronectin and laminin.^[@ref16]^ The RGD sequence is a ligand for integrins, a class of molecules controlling multiple functions of the cell such as adhesion and proliferation.^[@ref17]^ The immobilization of RGD-containing peptides on a polymer graft surface has been shown to enhance adhesion and proliferation of endothelial cells, suggestive of its usefulness in regenerative medicine.^[@ref18],[@ref19]^ Here, we functionalized the surface of biodegradable patches with different RGD-containing peptides for in situ remodeling, following examination of their performance both in vitro and in vivo*.*

2. Results {#sec2}
==========

2.1. Incorporation of RGD Peptides into the Surface of PHBV/PCL Patches {#sec2.1}
-----------------------------------------------------------------------

Peptides can be bound to the surface of polymer patches through linker groups such as amines. We first modified the surface of electrospun polyhydroxybutyrate/valerate (PHBV)/PCL grafts by two hydrophilic linkers of different lengths, short \[1,6-hexamethylenediamine (HMD)\] and long \[4,7,10-trioxa-1,13-tridecanediamine (TTDDA)\], assuming that the linker length may affect graft biocompatibility. The HMD-modified patches demonstrated an amino group density of 8.4 ± 0.3 × 10^--9^ mol/cm^2^, whereas TTDDA-modified grafts had 8.2 ± 0.3 × 10^--9^ mol amino groups per cm^2^. At the second step of patch modification, three different types of RGD-containing peptides (see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} for their complete sequence) were immobilized on the patch surface by treatment with glutaraldehyde and sodium cyanoborohydride. The presence of RGD peptides on the polymer surface was confirmed using the Sakaguchi test^[@ref20],[@ref21]^ as evidenced by light-orange color characteristic of arginine ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). As a result, we produced a total of six different modifications of biodegradable vascular patches ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Sakaguchi test of RGD-functionalized PHBV/PCL patches. Orange staining of samples reveals the presence of the guanidino group characteristic of arginine. Unmodified PHBV/PCL patches were used as a control group. (Photograph courtesy of V.N.S. Copyright 2020.)](ao0c02593_0002){#fig1}

2.2. Mechanical Properties of RGD-Modified PHBV/PCL Patches {#sec2.2}
-----------------------------------------------------------

Preliminary testing revealed nearly identical tensile properties of biodegradable patches modified either with amines alone (HMD or TTDDA) or amines plus RGD-containing peptides (RGDK, AhRGD, or c\[RGDFK\]) (not shown). For this reason, all the patches modified with RGD peptides were assigned into one PHBV/PCL/RGD group when compared to other patch types.

Unmodified PHBV/PCL patches and xenopericardial patches significantly differed from human internal mammary artery (IMA) in terms of their mechanical parameters ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Both the tensile strength and *F*~max~ of KemPeriplas-Neo patch exceeded those of IMA by 4- and 16.7-fold, respectively.

![The stress--strain curve of RGD-modified and -unmodified PHBV/PCL patches, KemPeriplas-Neo, and human IMA.](ao0c02593_0003){#fig2}

###### Mechanical Properties of PHBV/PCL Patches before and after RGD-Peptide Modification as Compared to the Xenopericardial KemPeriplas-Neo and Human IMA

  sample            tensile strength, MPa median (25th and 75th quartiles) range                   *F*~max~, N median (25th and 75th quartiles) range                             elongation at break, % median (25th and 75th quartiles) range   Young's modulus, MPa median (25th and 75th quartiles) range
  ----------------- ------------------------------------------------------------------------------ ------------------------------------------------------------------------------ --------------------------------------------------------------- -------------------------------------------------------------------------------
  PHBV/PCL          3.9                                                                            3.0                                                                            102.7                                                           21.8
                    (2.88--4.5)                                                                    (2.59--3.3)                                                                    (79.37--106.3)                                                  (19.2--25.2)
                    2.38--4.6                                                                      2.3--3.7                                                                       74.92--119.2                                                    18.2--27.5[a](#t1fn1){ref-type="table-fn"}^,^[c](#t1fn3){ref-type="table-fn"}
  PHBV/PCL/RGD      1.2                                                                            1.3                                                                            102.6                                                           21.8
                    (1.12--1.3)                                                                    (1.2--1.4)                                                                     (80.38--144.1)                                                  (20.15--23.9)
                    1.02--1.8[b](#t1fn2){ref-type="table-fn"}^,^[c](#t1fn3){ref-type="table-fn"}   1.11--1.8[b](#t1fn2){ref-type="table-fn"}^,^[c](#t1fn3){ref-type="table-fn"}   27.53--198.1[a](#t1fn1){ref-type="table-fn"}                    17.9--27.6[a](#t1fn1){ref-type="table-fn"}^,c^
  IMA               2.48                                                                           0.92                                                                           29.72                                                           2.42
                    (1.36--3.25)                                                                   (0.59--1.72)                                                                   (23.51--39.62)                                                  (1.87--3.19)
                    1.07--6.52                                                                     0.39--2.82                                                                     22.0--50.88                                                     1.53--3.34
  KemPeriplas-Neo   10.06                                                                          15.4                                                                           64.96                                                           1.11
                    (9.12--21.38)                                                                  (12.6--26.2)                                                                   (61.08--67.26)                                                  (1.02--1.34)
                    6.26--21.69[a](#t1fn1){ref-type="table-fn"}                                    8.51--26.9[a](#t1fn1){ref-type="table-fn"}                                     58.5--69.38                                                     0.94--1.52

*p* \< 0.05 compared to IMA.

*p* \< 0.05 compared to PHBV/PCL patches.

*p* \< 0.05 compared to KemPeriplas-Neo.

However, both RGD-modified and unmodified PHBV/PCL patches demonstrated tensile strength and *F*~max~ similar to human IMA. The Young's modulus of KemPeriplas-Neo patches was similar to that of IMA, whereas PHBV/PCL patches exceeded IMA's Young's modulus by nine times (*p* \< 0.05) regardless of RGD modification. Furthermore, modification by RGD peptides resulted in a 3.25-fold reduction of tensile strength and a 2-fold decreased *F*~max~, while elongation at break and Young's modulus remained unchanged.

Collectively, these data suggest that RGD modification results in a reduced tensile strength, while not affecting elongation properties of PHBV/PCL patches.

2.3. Modification of PHBV/PCL Patches by RGD Peptides Promotes Their Hydrophilicity {#sec2.3}
-----------------------------------------------------------------------------------

We then questioned if modification by amine linkers and RGD peptides alters the hydrophilicity of the polymer patches' surface. Using the sessile drop technique, we found that unmodified PHBV/PCL patches displayed the highest water CA ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), which could be explained by low functional activity, high porosity, and heterogeneity of the PHBV/PCL blend.^[@ref22]^ Modification by amines^[@ref23]^ substantially reduced the water CA, while HMD conferred a more pronounced hydrophilicity than TTDDA ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). RGD-modified patches demonstrated a variety of water CAs with the lowest value recorded for the c\[RGDFK\] peptide (113.8 ± 2.2°). Thus, RGD modification promoted hydrophilicity of PHBV/PCL patches.

![Representative images and the contact angle (CA) of a water droplet on the surface of unmodified PHBV/PCL patches and PHBV/PCL patches in different modes of amines and RGD modification. \*---*p* \< 0.05 compared to unmodified patches, \*\*---*p* \< 0.05 compared to HMD, \#---*p* \< 0.05 compared to TTDDA, ●---*p* \< 0.05 compared to HMD/c\[RGDFK\], and ■---*p* \< 0.05 compared to TTDDA/c\[RGDFK\].](ao0c02593_0004){#fig3}

2.4. RGD-Modified PHBV/PCL Patches Demonstrate High Hemocompatibility {#sec2.4}
---------------------------------------------------------------------

We then sought to test the hemocompatibility of RGD-functionalized PHBV/PCL patches. The proportion of lysed red blood cells (RBCs) upon the contact with HMD-modified, TTDDA-modified, and unmodified patches was 0.36, 0.72, and 0%, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). No significant differences were found between HMD- and TTDDA-modified PHBV/PCL patches. These data suggest a high hemocompatibility of the PHBV/PCL blend,^[@ref24]^ while incorporation of amine linkers does not significantly affect polymer hemocompatibility.

![In vitro evaluation of hemocompatibility of experimental vascular patches: (A) hemolysis upon the contact with patches, whiskers indicate the interquartile range, \*---*p* \< 0.05 compared to KemPeriplas-Neo; (B) platelet aggregation, whiskers indicate the interquartile range, \*---*p* \< 0.05 compared to KemPeriplas-Neo, \*\*---*p* \< 0.05 compared to unmodified patches; (C) measurement of the platelet type ratios based on scanning electron microscopy (SEM) analysis; and (D) platelet deformation index (PDI), whiskers indicate the interquartile range, \*---*p* \< 0.05 compared to KemPeriplas-Neo, \*\*---*p* \< 0.05 compared to unmodified patches.](ao0c02593_0005){#fig4}

The KemPeriplas-Neo xenopericardial patch demonstrated a RBC lysis of 2.12%, which is generally accepted for blood-contacting medical devices. It also exhibited the most pronounced platelet aggregation, which was significantly higher than that of PHBV/PCL patches regardless of RGD modification ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). HMD- and TTDDA-modified patches and xenopericardial patches did not differ in terms of platelet aggregation. These data suggest that both RGD-modified and unmodified PHBV/PCL patches have higher hemocompatibility than KemPeriplas-Neo xenopericardial patches.

Upon the contact with platelet-rich plasma (PRP), all PHBV/PCL patches displayed the presence of fibrin on their surface, which complicated the platelet deformation analysis. Interestingly, platelet adhesion was twice as much frequent in KemPeriplas-Neo patches as compared to unmodified PHBV/PCL patches, yet the PDI did not differ between these groups ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C,D). This could be explained by the fact that type II platelets were predominantly found on the surface of unmodified PHBV/PCL patches (78.5%), while the surface of KemPeriplas-Neo patches mostly displayed type III platelets (73.1%). Patches modified by HMD/AhRGD and HMD/c\[RGDFK\] had 1.2- and 1.4-times higher PDI than that of unmodified PHBV/PCL patches. These samples had a higher number of adherent platelets mainly of the type III--IV as compared to the other RGD-modified patches ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D).

The surface morphology of a material may substantially alter its hemocompatibility; thus, we analyzed our experimental grafts using SEM. The serosal surface of KemPeriplas-Neo patches displayed the native pericardial architecture characterized by tortuous collagen fibers, nonporous relief, and the absence of endothelial lining ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). In contrast, both unmodified and RGD-modified PHBV/PCL patches had a highly porous structure with a wall thickness of 170--250 μm, composed of homogeneous, randomly arranged polymer fibers with a diameter of 350 nm to 4.0 μm. Pores of 5.1--27.6 μm were formed as a result of fiber interweaving. The SEM analysis demonstrated that RGD modification did not affect the surface of PHBV/PCL grafts ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). Consistent with the PDI results ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D), HMD/AhRGD- and HMD/c\[RGDFK\] patches had massive accumulations of adhered blood proteins on their surface ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B).

![Representative SEM images of KemPeriplas-Neo patches, unmodified, and RGD-modified PHBV/PCL before (A, ×1000 magnification) and after (B, ×2000 magnification) direct contact with platelets.](ao0c02593_0006){#fig5}

2.5. In vivo Implantation of RGD-Modified PHBV/PCL Patches {#sec2.5}
----------------------------------------------------------

Based on in vitro experiments mentioned above, the most favorable biocompatibility was documented for TTDDA/RGDK, TTDDA/AhRGD, and TTDDA/c\[RGDFK\] patches. Previous studies also reported that these combinations improved adhesion, viability, and proliferation of both endothelial colony-forming cells and human umbilical vein endothelial cells on the surface of electrospun PHBV/PCL scaffolds.^[@ref25],[@ref26]^ Thus, we tested the performance of TTDDA/RGDK-, TTDDA/AhRGD-, and TTDDA/c\[RGDFK\]-modified patches upon the implantation into the rat abdominal aorta. Unmodified PHBV/PCL patches and commercially available KemPeriplas-Neo patches were used as controls.

Explanted aortas were 100% patent in all the rats implanted with PHBV/PCL patches regardless of RGD modification. No evidence of thrombosis or neointima was observed at the site of implantation.

The implanted KemPeriplas-Neo patch revealed the presence of calcium deposits already 1 month following surgery, as shown by Alizarin Red S staining. Three months postimplantation, a rapid growth of calcium deposits resulted in a partial delamination of the patch ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). One year following surgery, 83.3% of the implanted KemPeriplas-Neo patches displayed a substantial delamination as well as structural degradation. All KemPeriplas-Neo patches were severely calcified at the study endpoint. A parietal thrombus was detected in one of the six rats implanted with KemPeriplas-Neo xenopericardial patch, yet the aorta was 100% patent in this animal. Neointimal hyperplasia was observed in 50% of KemPeriplas-Neo patches. The neointima was 3-fold thicker than normal aortic wall of the rat. Cellularity of KemPeriplas-Neo patches was poor.

![Representative images of hematoxylin and eosin and Alizarin Red S staining for calcium (Ca) of the indicated patches (P) implanted into rat abdominal aorta (A) wall 3- and 12-months following surgery. Scale bar = 500 μm.](ao0c02593_0007){#fig6}

Both unmodified and RGD-functionalized PHBV/PCL patches exhibited calcium deposits 3 months following surgery as evidenced by Alizarin Red S staining ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Unlike KemPeriplas-Neo patches, all the polymer grafts remained free from structural degeneration during the entire 12 months of the study ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Calcification of RGD-modified patches varied from mild to moderate. The TTDDA/RGDK group had the lowest calcification rate 12 months after the implantation (50% of cases; three out of six). All the PHBV/PCL, TTDDA/AhRGD, and TTDDA/c\[RGDFK\] patches demonstrated crystalline calcific deposits by the end of the experiment (12 months). The TTDDA/AhRGD group had the most severe calcification compared to the experimental patches. We focused on the formation of neovasculature at the vessel sites where porous polymer patches had been implanted. The neovasculature can be formed if cellular elements migrate into its thickness. Six months postimplantation, TTDDA/c\[RGDFK\] patches demonstrated high cellularity with a slight decrease 12 months postimplantation. In TTDDA/RGDK patches, most cells migrated in the outer 2/3 of the wall within the 12-month period without any decrease in their proportion. TTDDA/AhRGD patches and unmodified PHBV/PCL had poor cellularity with most cells residing in the outer part of the patch walls. Significant cellular infiltration, tissue remodeling, and ECM deposition were observed in patches modified with TTDDA/RGDK and TTDDA/c\[RGDFK\] in comparison with intact and TTDDA/AhRGD-incorporated samples. Thus, the arterial wall was thickened in rats implanted with TTDDA/RGDK and TTDDA/c\[RGDFK\] patches. Moderate chronic granulomatous inflammation was detected in several rats in each group of polymer patches without a tendency to neointimal hyperplasia. Both intact and RGD-modified PHBV/PCL patches had a thin neointima lining the vessel lumen with thickenings ensheathing the zones of calcific deposits ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).

Migration of mature endothelial cells from the aorta adjacent to the patch to the anastomotic areas suggested endothelialization of RGD-modified patches. One month postimplantation, all the RGD-modified polymer patches had a thin neointima along their luminal surface with sporadic endothelial cells located at the central segment of the patch and endothelial cell foci near anastomotic zones ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The entire inner surface of biodegradable patches contained type IV collagen. Patches functionalized with c\[RGDFK\] and RGDK peptides through the TTDDA linker had better endothelization of the vessel lumen. At 3 and 12 month time points, a continuous endothelial monolayer of mature endothelial cells (defined as CD31^+^CD34^--^vWF^+^) was more frequently detected in these groups ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). In addition, a layer of type IV collagen was found at the inner surface of the implanted patches. Newly formed capillaries with endothelial lining inside the wall of biodegradable patches confirmed patch endothelialization. By contrast, KemPeriplas-Neo patches did not exhibit any signs of endothelialization at all time points. One month postimplantation, sporadic endothelial cells were detected near the anastomotic zones without further proliferation or migration to the central part of the xenopericardial patch. No endothelial cells and type IV collagen staining were detected at its surface ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

![Representative images of indicated patches implanted into rat abdominal aorta wall 3 and 12 months following surgery, stained for CD31 (mature endothelial cells), CD34 (progenitor cells, scale bar = 20 μm), vWF (von Willebrand factor, scale bar = 50 μm), and type IV collagen (scale bar = 50 μm). All slides were counterstained with 4′,6-diamidino-2-phenylindole (blue).](ao0c02593_0008){#fig7}

3. Discussion {#sec3}
=============

Mechanical properties define the performance of vascular patches, which ideally should have a high tensile strength and wear resistance, and at the same time, be elastic and compliant, thus mimicking the native artery.^[@ref27]^ Even though our novel experimental patches displayed tensile strength similar to that of the human IMA, they were highly rigid. The stiffness difference between the arterial wall and implant can result in blood flow alterations in the anastomotic zone, eventually leading to intimal hyperplasia and subsequent vascular stenosis.^[@ref5],[@ref28]^ Compared to native vessels, PHBV/PCL patches are stiffer and more prone to elongation, which may negatively affect their hemocompatibility and hemodynamics under cyclic loads. Under physiologic loads, intact arteries demonstrate low Young's modulus owing to straightening of tortuous collagen fibers, while the stress--strain curve is contributed entirely by elastin fibers. With increase in pressure, collagen fibers start to straighten progressively, and because they are more rigid than elastin fibers, the stress--strain curve shifts toward an increase in stress with low elongation.^[@ref29]^ In our study, polymer samples, despite their highly porous structure, exhibited high stress without significant elongation upon loading, which indicates their high rigidity. It is possible that during patch manufacture by electrospinning, each subsequent layer of polymer stabilizes the underlying layer, forming a porous structure. In this scenario, the initial loading breaks the rigid bond at the intersection of polymer fibers, as a result of which the initial "loops" of polymer strands are straightened under the action of subsequent stretching.

Upon the implantation, gradual patch remodeling and infiltration with host cells lead to a shift in its mechanical properties toward those of a native artery, thereby improving the hydrodynamics of the reconstructed vessel. Previously, we showed that PHBV/PCL vascular grafts are populated by ECM-producing cells within 6 months following implantation, which results in a decrease in their relative elongation and Young's modulus.^[@ref30]^

Hemocompatibility is another key determinant of vascular graft's performance.^[@ref27]^ RGD-modified biomaterials can pose a certain risk of thrombosis because the RGD sequence can bind to the GPIIb/IIIa receptor found in activated platelets.^[@ref31],[@ref32]^ However, the GPIIb/IIIa receptor is inactive in intact platelets and is characterized by low affinity. Upon platelet activation by thrombin, a conformational change occurs in the GPIIb/IIIa receptor, leading to an exposure of the high-affinity site to bind soluble fibrinogen. The binding of fibrinogen to GPIIb/IIIa leads to platelet aggregation. However, there is no published evidence that RGD peptides cause platelet activation per se. Furthermore, Zheng et al. have shown that incorporation of RGD into PCL vascular grafts improves their hemocompatibility.^[@ref33]^ In our studies, we observed an increase in platelet aggregation upon the contact with RGD-modified patches, but the maximum platelet aggregation did not differ from that of KemPeriplas-Neo patches. In addition, the use of the HMD linker for RGD modification substantially increased the PDI in comparison with unmodified patches, yet no differences in the PDI were found for other study groups. Furthermore, our SEM findings suggest that the porous surface of PHBV/PCL patches has no effect on platelet activation and aggregation. Along similar lines, higher hydrophilicity of HMD-modified patches did not positively affect their hemocompatibility. Unmodified PHBV/PCL samples and TTDDA-modified patches demonstrated the optimal hemocompatibility as compared to all other study groups.

In terms of RBS lysis, we observed that the proportion of lysed RBCs for both control and RGD-modified PHBV/PCL patches did not exceed 2%, suggesting negligible hemolysis. Commercially available KemPeriplas-Neo xenopericardial patches demonstrated a more pronounced RBC lysis, yet it did not exceed the generally accepted threshold of 5% used for blood-contacting materials.^[@ref34]^

In situ tissue engineering has demonstrated significant advances in development of artificial blood vessel shunts as well as CEA vascular patches. Biodegradable patches made from various biologically active compounds have previously demonstrated a partial restoration of vascular wall at the implantation site.^[@ref35]−[@ref37]^ One of the aims of this study was to evaluate the in situ regeneration potential of our experimental tissue-engineered patches. The formation of the endothelial layer on TTDDA-modified patches was faster than that on unmodified PHBV/PCL samples. The surface of RGD-modified patches had been ensheathed with endothelium within the first month of the implantation, and the endothelial monolayer completely formed by 12 months of the experiment. By contrast, no continuous endothelial layer was observed in KemPeriplas-Neo patches even 1 year following implantation.

Viable cell populations in the implanted biodegradable patch are the key factor for vascular wall regeneration. In our studies, TTDDA/RGDK- and TTDDA/c\[RGDFK\]-modified patches demonstrated rapid endothelialization as well as infiltration of ECM-producing macrophages and fibroblasts. However, the number of live cells substantially decreased in unmodified patches and TTDDA/AhRGD-modified patches at 1 year postimplantation. The porous structure of PHBV/PCL patches potentially facilitated cell migration into grafts because KemPeriplas-Neo xenopericardial patches exhibited significantly fewer infiltrating cell as compared to polymer grafts. It is known that 6 months following implantation of the porous biocompatible materials, the number of cells migrating in the first months gradually decreases. De Valence et al. suggested poor tissue response to the implant and the gradual disappearance of macrophages, leading to capillary regression, lower access of oxygen and nutrients to fibroblasts located in the thickness of the material.^[@ref38]^ Therefore, it may explain the significant decreased number of cells in the unmodified patches. Moreover, the TTDDA/RGDK- and TTDDA/c\[RGDFK\]-modified patches maintained their cellularity, probably because of the ability of RGD peptides to ensure cell adhesion.^[@ref39]^

Calcification of vascular grafts including patches remains a challenge for cardiovascular surgery,^[@ref40],[@ref41]^ with blood-contacting biodegradable materials are especially prone to calcification.^[@ref38]^ Our histology studies showed that TTDDA/RGDK-modified patches resulted in a less-pronounced calcification, whereas the KemPeriplas-Neo patches demonstrated the most severe calcification. In addition, KemPeriplas-Neo patches had evident signs of structural degeneration 1 year following implantation.

In our study, PHBV/PCL patches modified by TTDDA/RGDK and TTDDA/c\[RGDFK\] resulted in improved biocompatibility. Our findings are consistent with previous studies reporting high biocompatibility of cyclic RGD peptides facilitating cell attachment to the artificial matrix following endothelialization.^[@ref39],[@ref42]^ It should be noted, however, that high biocompatibility of the linear RGDK peptide was partly owing to the TTDDA linker. The substantial length of the TTDDA arm compared to the HMD counterpart may have contributed to a better accessibility of RGD peptides to the cells within the graft microenvironment.

4. Conclusions {#sec4}
==============

RGD-modification of PHBV/PCL patches reduces their tensile strength without affecting elongation at break. However, both RGD-modified and unmodified PHBV/PCL patches had tensile strength and *F*~max~ nonsignificantly reduced as compared to the human IMA. In vitro tests suggested a hemocompatibility of RGD-modified patches. One year postimplantation in rats, only TTDDA/c\[RGDFK\] and TTDDA/RGDK-modified PHBV/PCL patches were completely populated by host cells and exhibited neointima formation along with continuous endothelial lining on their surface. Implanted xenopericardial patches were unable to form an endothelial layer and were also prone to calcification. Mild and moderate calcium deposits were found 3 months after the implantation of RGD-modified patches, with TTDDA/RGDK combination showing the highest resistance to calcification in comparison with xenopericardial patches, unmodified PHBV/PCL modified patches, and TTDDA/AhRGD and TTDDA/c\[RGDFK\]-modified samples. A linear peptide alanine--glycine--aspartic acid--lysine (RGDK) and a cyclic alanine--glycine--aspartic acid--phenylalanine--lysine (c\[RGDFK\]) peptide modified through the TTDDA arm linker promoted the formation of neovasculature and reduced calcification when implanted in vivo.

5. Experimental Section {#sec5}
=======================

5.1. Fabrication of Biodegradable Patches {#sec5.1}
-----------------------------------------

Polymer matrices were electrospun using a polymer blend containing 5% w/v PHBV (Sigma) and 10% w/v PCL (Sigma) dissolved in trichloromethane using a Nanon-01A instrument (MECC) at a voltage of 20 kV, a solution feeding rate of 0.5 mL/h, a collector rotation speed of 200 rpm, and a tip-to-collector distance of 150 mm. A metal drum with a diameter of 8.0 mm was used as a collector. The polymer was cut lengthwise and peeled off before being removed from the drum.

5.2. Modification of Biodegradable Patches with Amine Linkers {#sec5.2}
-------------------------------------------------------------

Amine linkers HMD and TTDDA were purchased from Sigma. PHBV/PCL patches were immersed in a solution of HMD or TTDDA prepared in a mixture of isopropanol--water (1:1) and incubated at 37 °C for 60 or 30 min, respectively. Samples were rinsed with ddH~2~O and air dried. A schematic illustrating the modification pipeline is summarized in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}.

![Modification of PCL/PHBV patches with RGD-containing peptides. Below listed are RGD peptide sequences used to modify the patches and linker arm groups utilized for immobilization of RGD peptides. HMD---1,6-hexamethylenediamine; TTDDA---4,7,10-trioxa-1,13-tridecanediamine.](ao0c02593_0009){#fig8}

To confirm the successful modification of samples with amine linkers, 1 cm^2^ samples were placed in 2 mL tubes following the addition of 1% ethanol solution of ninhydrin (Sigma) in the presence of 0.05% ascorbic acid (Sigma). Tubes were incubated for 30 min at 80 °C. Samples were rinsed twice with ethanol, thoroughly air dried, and dissolved in 0.5 mL chloroform. Finally, 0.5 mL isopropanol was added to the resulting solution and the optical density was measured at 568 nm to determine the number of amino groups. We generated calibration curves for the ascending concentration of free HMD and TTDDA. To determine the number of amines in the experimental samples, the following formula was usedwhere *C* is the amount (mol) of amino groups per 1 cm^2^; *D* is the average optical density of the sample, obtained from three independent experiments; *V* is the volume of the analyzed solution (10^--3^ L); ε is the molar absorption coefficient calculated from calibration curves and is equal to 9810 L/mol/cm, *L* is the thickness of the spectrophotometer cuvette (1 cm), and *S* is the sample area (1 cm^2^).

5.3. Functionalization of Amine-Modified Patches by RGD-Containing Peptides {#sec5.3}
---------------------------------------------------------------------------

RGD-containing peptides (linear peptide RGDK, linear peptide AhRGD, and cyclic peptide c\[RGDFK\], see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} for complete peptide sequence) were purchased from NanoTech-S (Novosibirsk, Russia). Modification of biodegradable patches with RGD-containing peptides was performed as previously described.^[@ref25]^ Briefly, amine-modified patches were sequentially rinsed with a mixture of isopropanol/ddH~2~O (1:1), ddH~2~O, 0.1% Triton X-100, and ddH~2~O. Samples were incubated in 2% aqueous glutaraldehyde (Sigma, USA) at 24 °C for 3 h followed by a quick rinse with ddH~2~O. Patches were incubated in a solution of RGDK, AhRGD, or c\[RGDFK\] (0.2 mg/mL) in 50 mM carbonate buffer (pH = 8.5) containing 2.5 mM sodium cyanoborohydride at 24 °C for 4 h. Finally, samples were sequentially washed with 0.1% Triton X-100 and ddH~2~O.

Thus, the resulting electrospun PCL/PHBV patches were functionalized by RGD-containing peptides in six different combinations: HMD/RGDK, HMD/AhRGD, HMD/c\[RGDFK\], TTDDA/RGDK, TTDDA/AhRGD, and TTDDA/c\[RGDFK\].

5.4. Arginine Positivity (Sakaguchi) Test {#sec5.4}
-----------------------------------------

The presence of RGD peptides on the surface of polymer patches was validated using the Sakaguchi test.^[@ref20],[@ref21]^ Briefly, RGD-modified patches (0.5 × 0.5 cm) were placed in 0.1% acetone solution of 8-hydroxyquinoline for 1 min. Samples were air dried and incubated in a bromine solution (0.2% v/v) prepared in 0.5 M NaOH at room temperature for 12 h. Orange staining of samples indicated the presence of guanidino groups characteristic of arginine.

5.5. Tensile Testing {#sec5.5}
--------------------

Mechanical properties of samples were evaluated using the uniaxial tension test. The resulting patches were cut in the longitudinal axis using a custom-built knife in the Zwick Roell cutting press. A similar sized segment of the human IMA excised during coronary artery bypass surgery was used as a control. All the participants provided the written informed consent after a full explanation of the study was given to them. The study protocol was approved by the Local Ethics Committee of the Research Institute for Complex Issues of Cardiovascular Diseases. Additional control groups included the commercially available xenopericardial KemPeriplas-Neo CEA patches (Neocor, Russia) as well as unmodified PHBV/PCL patches. Tensile testing was performed using the universal testing machine series Z (Zwick Roell) using a sensor with a nominal force of 50 N and a crosshead speed of 50 mm/min.

The tensile strength was measured as a maximum tensile stress (MPa) at break. Different thicknesses of biological samples and polymer patches resulted in the cross-sectional mismatch. Therefore, we calculated the ultimate tensile strength, which represented the breaking load (*F*~max~, N). Elastic deformation was estimated with the relative elongation adjusted to the elongation at break (%) and Young's modulus (MPa) determined in the range of physiological load (80--120 mmHg).

5.6. Hydrophobicity Testing {#sec5.6}
---------------------------

Hydrophobicity assessment was performed using the sessile drop technique. A 3 μL drop of deionized water was placed on the sample surface. After 2 min incubation, measurements were recorded using an EasyDrop optical goniometer (Kruss, Germany). Six measurements of the CA at different surface areas were performed for each experimental sample. Unmodified PHBV/PCL samples were used as a control.

5.7. Hemolysis Testing {#sec5.7}
----------------------

The blood withdrawn from healthy donors was mixed with 3.8% sodium citrate at a ratio of 1:9 (citrate/blood). Patch samples of 25 cm^2^ (*n* = 5 for each group) were placed in buckets followed by the addition of 10 mL saline. Buckets were incubated at 37 °C for 120 min. Positive and negative controls were citrated blood mixed with distilled water and saline, respectively. A volume of 200 mL citrated blood was added to each bucket followed by incubation at 37 °C for 1 h. After incubation, solutions were transferred from buckets into test tubes, followed by centrifugation at 2800 rpm for 10 min to precipitate erythrocytes. The absorbance of supernatants was measured using the GENESYS 6 spectrophotometer (Thermo, Waltham, MA, USA) at a wavelength of 545 nm.

The percent of hemolysis (*H*) was calculated using the following formulawhere, *D*~t~ is the absorbance of the experimental samples; *D*~ne~ is the absorbance of the negative control (citrated blood mixed with saline); *D*~pe~ is the absorbance of a completely hemolyzed sample (citrated blood mixed with distilled water).

5.8. Platelet Aggregation Testing {#sec5.8}
---------------------------------

To evaluate platelet aggregation, 3.8% sodium citrate was added to the blood withdrawn from healthy volunteers at a ratio of 1:9 (citrate/blood). The citrated blood was centrifuged at 1000 rpm for 10 min to obtain the PRP. Alternatively, PRP was recentrifuged at 4000 rpm for 20 min to generate the platelet-poor plasma (PPP). Intact pure PRP was used as a positive control.

Spontaneous platelet activation was measured without any aggregation inducers. A volume of 25 μL 0.025 M CaCl~2~ was added to 250 μL PRP to restore the level of Ca^2+^ in citrated blood. Samples were exposed to CaCl~2~-supplemented PRP for 3 min.^[@ref43],[@ref44]^ Platelet aggregation was assessed using a semiautomatic 4-channel platelet aggregation analyzer APACT 4004 (LABiTec, Germany).

5.9. Scanning Electron Microscopy {#sec5.9}
---------------------------------

To examine the surface structure of experimental patches, a S-3400N scanning electron microscope (Hitachi, Chiyoda, Japan) was used. The surface of xenopericardial patches was used as a positive control. Samples were mounted using conductive tape and a gold/palladium (Au/Pd) coating of 15 nm thickness was then sputtered on using the Leica EM ACE200 Vacuum Coater (Leica Microsystems, Austria). Imaging was performed at 5 kV under high vacuum conditions.

To evaluate platelet aggregation upon the contact with PRP, vascular patches (*n* = 3 samples per group, 0.5 cm^2^) were incubated in 300 μL PRP at 37 °C for 2 h. Samples were then washed with PBS (pH---7.4) to remove the unabsorbed plasma. Samples were fixed in a 2% glutaraldehyde solution, thoroughly washed with PBS, dehydrated in ascending concentrations of ethanol (30--100%, 15 min each), and finally dried at room temperature. Samples were mounted, sputtered, and imaged as described above. Nine representative fields of view were randomly selected and platelet adhesion was evaluated using the PDI^[@ref44]^where, *N*~I~ is the number of type I platelets; *N*~II~ is the number of type II platelets; *N*~III~ is the number of type III platelets; *N*~IV~ is the number of type IV platelets; *N*~V~ is the number of type V platelets; and *N*~total~ is the total platelet count ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}).

![Representative SEM images of platelets found in KemPeriplas-Neo patches, unmodified, and RGD-modified PHBV/PCL. The types of platelet deformation: I---disc-shaped (no deformation); II---platelet is increased in size with protrusion-like pseudopodia sticking out; III---platelet is substantially increased in size, irregularly shaped, with pronounced pseudopodia, multiple platelets aggregate together; IV---flat platelets with cytoplasm expanding among pseudopodia; and V---cytoplasm fully spreads; the shape of pseudopodia cannot be clearly identified. Scale bar = 3 μm.](ao0c02593_0010){#fig9}

5.10. In vivo Implantation of Vascular Patches {#sec5.10}
----------------------------------------------

All rats were bred at the Animal Core Facility of the Research Institute for Complex Issues of Cardiovascular Diseases. Animal procedures were carried out in accordance with the principles of the European Convention for the protection of vertebrate animals used for experimental and other scientific purposes (Strasbourg, 1986). The Local Ethics Committee of the Research Institute for Complex Issues of Cardiovascular Diseases approved the study protocol.

Experimental TTDDA/RGDK, TTDDA/AhRGD, and TTDDA/c\[RGDFK\] patches were implanted into the abdominal aorta of 6 month old male Wistar rats weighing 400--450 g (*n* = 96). Xenopericardial KemPeriplas-Neo patches were used as a control (*n* = 24). All animals were anesthetized by 3% isoflurane, which was maintained at 1.5% during surgery. The KemPeriplas-Neo patch as well as experimental patches with a diameter of 1.5 or 2 mm and a length of 10 mm were sterilized by irradiation. All surgical procedures were performed using a strict aseptic technique. The abdominal aorta was mobilized from renal arteries till the bifurcation through a midline by laparotomy at ×10 to 40 magnification. Stay sutures (8--0 prolene) were placed on the aorta below renal arteries and above the bifurcation. The aorta was clamped followed by a 0.5 mm longitudinal aortotomy. Patches (0.5 × 0.5 mm) were sutured with four interrupted 8-0 prolene sutures (Ethicon). The clamps were taken off and the vascular system was readjusted. The subcutaneous tissue was sutured in a layer-to-layer manner using 3-0 polyethylene terephthalate sutures. Animals did not receive any antiplatelet drugs. Following surgery, the rats were kept in the vivarium and given access to water and food ad libitum. Animals were sacrificed 1, 3, 6, and 12 months following surgery (a total of 120 animals; *n* = 6 for each time point per group). Patches were explanted together with the adjacent aortic tissue and were either snap frozen at −140 °C or fixed in 10% neutral phosphate buffered formalin (Electron Microscopy Sciences) at 4 °C for 24 h.

5.11. Histological Examination {#sec5.11}
------------------------------

After being fixed with formalin, the patches were embedded in paraffin followed by staining with hematoxylin and eosin and Alizarin Red S as described previously.^[@ref25]^ Slides were visualized using the Axio Imager A1 light microscope (Carl Zeiss).

5.12. Immunofluorescence Examination {#sec5.12}
------------------------------------

Snap-frozen tissue blocks were sectioned and stained for CD31 (ab119339, Abcam), CD34 (ab185732, Abcam), collagen type IV (ab6586, Abcam), and vWF (ab8822, Abcam) as described previously.^[@ref25]^ Slides were visualized using the LSM 700 confocal laser scanning microscope (Carl Zeiss) as described previously.^[@ref25]^

5.13. Statistical Analysis {#sec5.13}
--------------------------

The normality of distribution was tested using the Kolmogorov--Smirnov test. For normally distributed variables in three or more independent groups, the Kruskal--Wallis test \[analysis of variance (ANOVA)\] followed by Tukey's post hoc test was used. For non-normally distributed variables in paired samples, the Kruskal--Wallis one-way ANOVA followed by Dunn's test was used. *p*-values \<0.05 were considered statistically significant. Data were presented as a mean and standard deviation (M ± SD) or median and interquartile range \[25th and 75th percentiles\] where appropriate.
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CEA

:   carotid endarterectomy

PTFE

:   polytetrafluoroethylene

PCL

:   polycaprolatone

PHBV

:   polyhydroxybutyrate/valerate

HMD

:   6-hexamethylenediamine

TTDDA

:   4,7,10-trioxa-1,13-tridecanediamine

ECM

:   extracellular matrix

IMA

:   internal mammary artery

PRP

:   platelet-rich plasma

PPP

:   platelet-poor plasma

PDI

:   platelet deformation index

vWF

:   Willebrand factor
